[1] Diatom remains indicate the oceanic Ge/Si ratio (mmol/mol) has varied temporally, ranging from Miocene values of 0.9 to Last Glacial Maximum (LGM) values of 0.55, with the present value of 0.69. These ratios lie between those for the primary sources for these elements: continental weathering (Ge/Si = 0.5) and hydrothermal fluids (Ge/Si = 11). Previous explanations for temporal variation have focused on variations in the relative strength of the primary inputs. Alternatively, the cause may be temporal variation in the relative strength of the two sinks for Ge, opal, and a nonopal sink found in margin sediments. The importance of the latter depends on the rate of opal rain to the seafloor in margin environments. As temperature decreases, opal dissolution rates in the water column decrease, permitting a larger fraction of the opal rain to reach the seafloor before dissolving. This increases the rate of Ge uptake into nonopal phases. A model calculation predicts that a decrease of 3.5°C in LGM ocean temperature should increase opal rain to the margin seafloor by a factor of 1.5; an increase of 3.5°C in Miocene temperature should decrease rain by a factor of 0.6. The predicted changes for Ge uptake in the nonopal sink can account for essentially all of the temporal Ge/Si variation recorded in diatoms. The absence of larger changes constrains silicate weathering rates relative to the present as 106 ± 16% during the LGM and 88 ± 12% during the mid-Miocene (15-20 Ma). However, additional uncertainty exists because some factors of potential importance remain unconstrained.
Introduction
[2] Changes in ocean chemistry during the past provide clues for elucidating linkages between biogeochemical cycles and Earth's climate system. The objective of this article is to explore a possible linkage between climate and the marine cycle of silicon. The importance of this linkage lies in the role Si plays in regulating diatom growth, as Si is an essential element for these organisms and its availability in the photic zone is frequently limiting in many parts of the ocean. Diatoms have been recognized as one of the principal agents for carbon export from the photic zone, so changes in the Si cycle may alter ocean ecology and influence the carbon cycle and atmospheric CO2.
[3] Clues about changes in the Si cycle may be found in the Ge/Si ratio preserved in diatoms. Modern diatoms recovered from core tops appear to record the oceanic ratio with good fidelity [Bareille et al., 1998] , so the diatom record should be a good representation of seawater composition. Diatom Ge/Si has been shown to vary in phase with changes in Earth's climate [Shemesh et al., 1989; Bareille et al., 1998 ]. During the Last Glacial Maximum (LGM), the ratio (all given in ru = mmol/mol) was approximately 0.55 ± 0.03, about 20% lower than the Holocene value of 0.69 ± 0.03 [Bareille et al., 1998 ]. During the time period from 15 to 20 Ma (the late early Miocene and mid-Miocene, referred to subsequently as mid-Miocene), the ratio was larger, about 0.90, with distinct drops during cold episodes [Shemesh et al., 1989] . During the late Pliocene/early Pleistocene cooling, the ratio dropped from 0.7 -1.2 to 0.4-0.8 [Lin and Chen, 2002] . Although the correlation indicating higher Ge/Si ratios during warmer climates seems quite clear, the mechanism relating these two variables has been enigmatic.
[4] Froelich et al. [1992] reviewed the relationship between water column cycles of Ge and Si. Both elements are effectively removed from surface waters, primarily by diatoms, and released to deep waters by dissolution of the sinking opal tests. The internal cycling of these two elements within the oceans is rapid when compared to their rates of input and removal, so the water column distribution of inorganic Ge (germanic acid) is linearly related to the abundance of Si (silicic acid). The linearity of the relationship and the near-zero intercept are strong evidence that little fractionation of these elements occurs during water column uptake and dissolution. Ge is also found in methylated forms, but these appear to have a residence time of a million years (more than 100 times that of inorganic Ge), and are considered to be unreactive. There are two principal sources of Ge and Si, weathering and hydrothermal inputs. Weathering is characterized by low Ge/Si ratios, while hydrothermal inputs have high ratios, with the present oceanic ratio of 0.72 ru falling between these sources (Table 1) . Most previous efforts to explain the temporal variations in oceanic Ge/Si assumed that the principal sink for both elements is burial in opal. Under this assumption, variation in the relative strengths of these sources was the mechanism assumed to cause variations seen in the opal record, and the lower values during glacial times were interpreted as evidence for a doubling of weathering rates. Other studies have also proposed that glacial periods may have higher weathering. For example, Gibbs and Kump [1994] noted that a model simulation for global climate suggested higher runoff during glacial times, and that the exposure of continental shelves may have created slightly more land area for weathering. However, they also pointed out that these arguments predict increased carbonate accumulation during glacial times, and noted that this response has not been observed. An opposite perspective is posed by the strong evidence that glacial times were more arid. The lower atmospheric methane concentrations imply fewer wetlands [Chappellaz et al., 1990] . Similarly, the lower 13 C/ 12 C of the glacial ocean and analysis of LGM biomes point to a decline in the quantity of terrestrial vegetation, as summarized by Crowley [1995] . Consequently, attributing changes in oceanic Ge/Si only to variations in weathering seems paradoxical, as it requires that colder and more arid glacial climates substantially enhance weathering and delivery of riverine Si to the ocean.
[5] Recent observations have identified a second major sink for Ge, with estimates that approximately half of the Ge removal occurs in a nonopal phase that forms in iron-rich, reducing sediments of continental margins [Hammond et al., 2000; King et al., 2000; McManus et al., 2003] . This discovery offers a solution to the paradox noted above, because a variation in the relative importance of the opal and the nonopal sinks provides an alternative mechanism for explaining the linkage between oceanic Ge/Si and climate. The linkage is explored in this article, using a simple model calculation to show that the observed Ge/Si variation is likely to be a natural consequence of ocean temperature changes. The hypothesis is as follows. During colder climates, the dissolution rate of sinking opal tests is reduced, causing a larger fraction of the opal rain to reach the seafloor. Although most of this opal dissolves and is recycled, an increase in opal rain to the seafloor in margin areas (or any other area that can sequester Ge in nonopal phases) should increase the rate of Ge removal from the ocean in nonopal phases. This removal leads to a reduction in the oceanic Ge/Si, because less Ge must be buried in the opal phase.
Model Formulation

Oceanic Budgets for Ge and Si
[6] The Ge/Si ratio in the ocean is regulated by the budgets for each element (Table 1) . The Si cycle has been considered by Treguer et al. [1995] and DeMaster [2002] . Sources and sinks in the modern ocean appear to be nearly in balance, with opal burial as the only significant removal Figure 1. Box model illustrating the Si and Ge cycles. The Ge/Si ratios for sources and sinks are given in parentheses (mmol/mol). Arrows indicate fluxes. The weathering input is assumed to include dust dissolution. The nonopal sink is only significant for Ge. mechanism. The residence time for Si is approximately 17 kyr, so the oceanic inventory of Si should be nearly in steady state through most of the Holocene. By contrast, two mechanisms remove significant Ge from the ocean, burial in opal and sequestration of Ge in a nonopal phase that forms in sediments with pore waters rich in ferrous iron. The magnitude of the latter sink is not precisely constrained by measurements at present, but is calculated by balancing the budget required by estimates for hydrothermal and weathering inputs. Although the nonopal phase(s) sequestering Ge has not yet been identified, this information is not necessary to define the budget. The Ge residence time is about half that for Si. During the Holocene, the ocean must have nearly attained a steady state, so the ratio for net input must equal the ratio removed.
Box Model Calculation
[7] Hammond et al. [2000] have presented a simple box model calculation to express the steady state balance for Ge and Si (Figure 1 ). It assumes there are two sources for each element. Two removal mechanisms are important, burial of both elements in opal and sequestration of Ge in a nonopal phase that forms in anoxic, iron-rich sediments that are most common in continental margins. The calculation assumes there is no fractionation of Ge and Si during opal formation because this effect appears to be small. Formulating this problem in a manner like that used for stable isotopes, the steady state expression relating the Ge/Si ratio (R) in the ocean to the input ratio and the diagenetic sequestration of Ge in a nonopal phase is:
where
S ge ¼ relative burial of Ge in the nonopal sink
with A i , any fraction (i) of the seafloor that accumulates nonopal Ge; f i , fraction of Ge sequestered from dissolving opal in region I; and J ni , rain of opal that dissolves global average opal burial in region i.
[8] The summation includes the effect of all regions (i) that contribute to sequestration. The parameter J ni reflects the rain of opal (mol cm À2 s
À1
) that reaches the seafloor and dissolves in each local area where some Ge sequestration occurs. However, it has been normalized by the rate at which Si is removed from the entire ocean (opal burial rate in mol cm À2 s
), so the term appears to be dimensionless. The term S ge represents the ratio (Ge buried in nonopal phases)/(Ge buried in opal). Mass balance constraints require that:
Field observations led to an estimate that S ge = 1.0 ± 1.0, indicating that about half of the present Ge burial is in a nonopal phase [Hammond et al., 2000] . Additional observations [McManus et al., 2003 ] confirm this estimate as outlined in the next paragraph.
[9] At stations on the eastern margin of the Pacific, where upwelling is common and fractionation has been observed (Figure 2) , f i appears to be rather uniform, averaging 0.5 ± 0.1. The area of the seafloor involved is more difficult to estimate. Although fractionation has been observed in muddy shelf sediments, much of the shelf is characterized by coarse grained sediments that may be well irrigated by organisms and probably lack much Fe +2 in pore waters. Shallow water mobile mud belts and deltaic deposits may receive a high rain of opal and develop pore waters rich in ferrous iron, but these deposits appear to be fluidized and re-oxidized frequently [Aller, 1998] . If the re-oxidation destroys any ferrous-rich phase that may have sequestered Ge, these deposits may not account for significant Ge removal. Few areas in the deep sea receive sufficient carbon rain to become anoxic in the upper 2 cm, where most opal dissolves. Therefore little Ge should be sequestered in deepwater regions; pore water profiles [Hammond et al., 2000; King et al., 2000] are consistent with this interpretation. On this basis, the depth zone 200 -2000 m (9% of the seafloor) seems a reasonable choice for A i , although this area might have significant uncertainty. For comparison, Morford and Emerson [1999] estimated that 4% of the seafloor below 1000 m is characterized by sediments that are anoxic below 1 cm. Most sediments in depths 200 -1000 m (4.4% of the seafloor) are also probably anoxic at rather shallow depths, leading to a minimum estimate of 8% for the area sequestering Ge. In the margin environments where Ge sequestration occurs, J ni probably lies between 10 and 20. Entering these choices in equation (3) provides reasonable agreement with the value of S ge = 0.4 -1.4 required by equation (4) and the inputs in Table 1 , and we assume the data in Table 1 adequately describe the present Ge and Si budgets. For reasons discussed in the following section, we assume that J ni is the parameter that is most likely to be temperaturedependent. Because most opal reaching the margin seafloor dissolves, it should be proportional to the rain of opal to the seafloor in margin environments. The opal rain is simply a mechanism to shuttle Ge from the water column to the sediments. Once it is delivered to the seafloor, each Ge atom has a 50% chance of being buried in a nonopal phase.
Opal Dissolution Kinetics in the Water Column
[10] The rain of opal to the seafloor depends on its production and export from surface waters, its settling rate in sinking particles, and its dissolution rate. There is no information about how export and settling rate might vary with climate, but dissolution rate does depend on temperature. The simplest scenario is to hold the first two factors constant and assume that dissolution is first order with respect to opal availability and the rate constant follows an Arrhenius rate law:
where R z is the dissolution rate of opal from sinking particles (mol s
À1
), M z is the opal in particles available to dissolve at depth z (mol), E a is the activation energy, R gas is the ideal gas constant, T is temperature (K) and B = constant characterizing dissolution (s
). Several values have been proposed for E a . For example, Van Cappellen and Qiu [1997] found E a = 48-75 kJ mol À1 for opal in Antarctic sediments. Hurd and Birdwhistell [1983] determined 75 kJ mol À1 for opal. They also noted that the enthalpy for dissolution is 20 kJ mol
, causing temperature to influence both solubility and dissolution kinetics with the functional form of equation (5), so E a is used here to represent the sum of activation energy and enthalpy for dissolution. We did calculations for two values that bracket results obtained by most previous workers, using E a = 65 and 95 kJ mol
. For these two values, the effect of temperature on reaction rate at 10°C is 9.8 and 14.3%°C
. Choosing the opal rain at 100 m as a reference horizon, the fraction of opal exported at 100 m that reaches the seafloor is related to the dissolution rate of sinking particles:
where F z is the fraction of the rain at z that has not dissolved in the water column and t is the time opal spends in the water column as it sinks from 100 m to the seafloor. The particle settling rate w = dz/dt can be used to transform time to depth, and the result is:
integrated from 100 m to z.
[11] The ratio B/w was assumed to be independent of depth. It was estimated from values for F z on the California Figure 2 . Ge/Si flux ratios released from opal dissolving in sediments. This is a compilation of observations for the California and Peru margins from McManus et al. [2003] . The two deepest sites are from the central equatorial Pacific. Techniques used to obtain these ratios include in situ flux chambers (lander), incubation of recovered cores, and calculation of fluxes from surficial pore water gradients (pw). Estimated uncertainty for the pw method is ±20%. Filled symbols are sites with significant pore water (Fe +2 ) in the upper 2 cm. The average for these sites is 0.35 mmol/ mol, half of the ratio for modern seawater (dotted line). This indicates that f i = 0.5 ± 0.1. Figure 3 . Opal dissolution on the California margin seafloor. Results have been determined using in situ benthic flux chambers, including measurements cited in the work of Berelson et al. [1996] and Hammond et al. [2000] . Data have been normalized to rain from the photic zone as noted in the text. Uncertainties from the normalizing factor for each region have not been considered in the error bars shown; these would make little difference for the central California results but could systematically shift all borderland points by up to 66% of each plotted value. Margin (Figure 3) , based on the benthic flux measurements of Berelson et al. [1996] , as follows. In this region, essentially all of the opal reaching the seafloor dissolves before it is permanently buried [Berelson et al., 1987] so that the benthic flux of silicic acid from sediments characterizes the rain rate. For central California, the dissolution fluxes from sediments were normalized by measurements for a station at 100 m depth (averaging 7.5 ± 0.6 mmol m À2 day
). In the southern California borderland, analysis of silicic acid in surface waters at the SPOTS site (San Pedro Ocean time series) suggests the rain from surface waters is about 3 ± 2 mmol m À2 day À1 (W. M. Berelson, unpublished data, 2002) , and this value was used to normalize measured fluxes. The large uncertainty for rain from surface waters of the borderland obscures any regional differences; we assumed the average flux at 1 km for both regions is about 25% of the rain from the photic zone. Equation (7) was integrated numerically from 100 m to 1 km, using the temperature profile in Figure 4a and iterating to find the value of B/w that resulted in F 1km = 0.25. The choice of 0.25 for this boundary condition is not very critical, as subsequent calculations only seek to evaluate the change in F z due to changes in water column temperature. The calculated reaction rate ( Figure 4b ) decreases with depth, reflecting the decreases in both water temperature and available opal (Figure 4c ) with depth.
[12] If water column temperatures decrease, the fraction of opal rain that dissolves while it is sinking decreases, and a greater fraction becomes available to dissolve in sediments (nearly all of the rain ultimately dissolves, even at the lower temperatures). During the LGM, estimates based on species assemblages for the California and Oregon Margins indicate that surface water temperatures were 1.5 to 3°C colder than at present [Ortiz et al., 1997; Pisias et al., 2001] . Even larger temperature changes have been estimated for the eastern equatorial Pacific and along the Peru coast, although smaller changes were estimated further offshore [Feldberg and Mix, 2002] . In the deep ocean, Adkins et al. [2002] determined that LGM temperatures from 2 to 4 km were 2.5 to 4.5°C colder than at present, indicating that the entire water column responds similarly to climate change. We assume LGM temperatures decreased 3.5 ± 1.0°C, based on the Adkins et al. [2002] reconstruction.
[13] The rain of opal to the seafloor (F z ) at all depths where Ge is sequestered in a nonopal phase (0.2 -2 km) was computed using equation (7) and the LGM temperature LGM is also shown, assuming a temperature decrease of 3.5°C throughout the water column (only data below 100 m are shown). The middle panel illustrates the rate at which opal should dissolve as it sinks through the water column as described in the text. Results are normalized by the rate at which it dissolves today at a depth of 100 m, where T is 10.0°C. Between 100 and 800 m, the large decrease for LGM reaction rate relative to present primarily reflects the temperature decrease. Below 800 m, the effect of LGM temperature decrease is nearly compensated by the increased opal rain reaching this depth. The right panel illustrates the fraction of opal rain at 100 m that survives dissolution in the water column and can reach sediments at each depth. An activation energy of 95 kJ mol À1 was used for this illustration. For this example, the present-day rate constant is 0.120 day À1 at the 100 m reference horizon if particles are assumed to sink 50 m day À1 .
profile, assuming B/w is independent of climate. One scenario is shown in Figure 4 . Next, the average for F z through the 0.2 -2 km depth range was calculated and compared to the present average for this depth range. For example, a 3.5°C decrease in ocean temperature should increase the average opal rain throughout the 0.2 -2 km depth range by a factor of 1.36-1.55, depending on the activation energy used ( Figure 5 ). The same computations were done for other temperatures. On the basis of the uncertainty of ±1°C for LGM temperature, the LGM conditions should lie within the field defined by the patterned box, with the average for opal rain to 0.2 -2 km increasing by 1.26 -1.71 times the present ( Figure 5 ). A similar approach was used to estimate conditions for the Miocene, taking estimates of 3-4°C warming relative to today that are based on deep-water temperature changes [Zachos et al., 2001] . The average opal rain to 0.2-2 km should have been 0.49 -0.73 times the present ( Figure 5 ). Note that these calculations assume that the export of opal at 100 m, the ratio B/w, the input of Ge, and the input of Si, do not vary with time; the only change is the fraction of opal export that survives dissolution in the water column and reaches the sediments in the 0.2-2 km zone, where Ge sequestration into nonopal phases should be most prevalent.
[14] The results in Figure 5 provide a measure of J ni relative to the present, allowing the observed variation in Ge/Si to be compared to the predictions of equations (1) -(3) (Figure 6 ). Calculations assume that R input , A i and f i do not vary with climate. The observed Ge/Si in opal for the
LGM and Miocene are plotted with uncertainties in relative flux based on the results from Figure 5 . As climate cools, the calculation predicts a decrease in the Ge/Si of opal. The decrease reflects the increase in the fraction of opal production that reaches the seafloor before dissolving, increasing the supply of Ge that can enter nonopal phases. On the basis of the best estimate for present R input = 1.34 ru (Table 1) , the calculated Ge/Si for LGM opal is similar to the observed ratio. An even better fit would have been obtained with a slightly larger value for present R input . For the Miocene results, warming has the opposite effect on opal. The prediction based on R input = 1.34 ru is within the estimated uncertainty, and a value for R input = 1.70 would provide equally good agreement.
Discussion
[15] The model calculation illustrates the large effect that temperature is likely to have on the Ge/Si ratio of seawater and opal. This simple calculation accounts for most of the observed variation in the 3 climate regimes and is evidence Figure 5 . Sensitivity of opal rain to water column temperature. Simulations for the response of water column dissolution to temperature changes were used to predict the average rain of opal to the seafloor between 0.2 and 2 km. The result has been normalized by the average rain today. The solid and dashed lines show results for activation energies of 65 and 95 kJ mol À1 , respectively. The patterned boxes define the limits for range during past times, based temperature changes of À2.5 to À4.5°C in the LGM and 3 -4°C in the Miocene. The boxes are defined by intersections of these temperature ranges with the dashed and dotted lines. Figure 6 . Ge/Si ratios related to opal rain. The Ge/Si of opal is plotted against opal rain relative to today. The results from Figure 5 were used to define the range for LGM and Miocene rain, and the mean of these is plotted against the Ge/Si ratios observed in diatoms of these ages (triangles). Equation (4) was used to predict the relation based on several choices for the ratio for Ge/Si inputs, assuming the ratio does not vary with time. The value of 1.34 is the best estimate for the present (Table 1) , and the other lines illustrate relations expected at the limits defined by the estimated uncertainty for this value. All the observations could be fit well with any value for R in of 1.3 to 2.0. The position of a data point relative to the line selected as the present value for R in indicates whether weathering has differed in the past. A data point above this line would be evidence for lower weathering in the past, and a data point below this line would be evidence for greater weathering in the past. For example, if the present R in is exactly 1.34, slightly less weathering occurred during the Miocene and slightly more during the LGM, relative to today. that the ratio of Ge/Si inputs to the ocean have not varied greatly during the past 20 my. An important implication of this result is that if hydrothermal inputs have remained constant, the rate of silicate weathering during this time period has not varied by more than the uncertainties introduced by the factors in the equations. The following discussion focuses first on several critical assumptions made for the calculation and evaluates their implications. Second, although water column temperature change appears to be the dominant factor that changes Ge/Si, the absence of larger differences constrains how much variation in weathering has occurred during the time spanned by these observations. Finally, some of the broader implications for the LGM carbon cycle are reviewed.
No Ge/ /Si Fractionation During Opal Formation
[16] While recent work [Ellwood and Maher, 2003; Rubin et al., 2002] suggests that in some settings there may be Ge/Si fractionation by diatoms in the water column, variations in this mechanism cannot be invoked as a primary cause of the difference between the Holocene and LGM. Two arguments support this logic. First, opal burial occurs primarily in high latitudes (about 50%) as well as in margins and marginal seas [DeMaster, 2002] . Both Ge and Si are largely removed from surface water in these regions, so the Ge/Si exported in opal must nearly equal the ratio in which they are supplied by upwelling from the deep sea. Consequently, core top ratios of modern sediments in high latitudes are very similar to seawater ratios [Bareille et al., 1998 ]. Second, as pointed out by Bareille et al. [1998] , if opal is the only sink for both elements, the burial ratio for the ocean must become close to the supply ratio within about one residence time (about 8 kyr for Ge). Even if fractionation during the LGM differed from today, the seawater Ge/Si would evolve to reflect this ratio. They also point out a corollary to this point. If fractionation occurred, the extent would depend on the fraction of Si utilized; the high latitude record shows that 6 Southern Ocean sites spanning 20°of latitude have comparable changes in the Ge/Si of opal during the present and past. It seems unlikely all these sites would have experienced similar partial Si drawdowns. Consequently, the model calculations ignore fractionation.
Role of Silicic Acid Profiles in Regulating Dissolution
[17] The calculation has ignored any effect of the silicic acid distribution in the water column, because the degree of saturation in the upper 2 km is generally less than 10%. It is possible that the profile of Si in the ocean has been different in the past due to differences in water column dissolution or due to changes in ocean circulation. However, these factors should also have only a modest effect on the degree of opal saturation or its dissolution rate.
Area of the Seafloor That Fractionates
[18] As noted above, shelf sediments may not be an important area for sequestering Ge. Consequently, changes in sea level may not affect the Ge budget very much. If shelf sediment area was a dominant factor regulating Ge removal from the ocean, and inputs of Ge and Si did not vary with time, the lowest Ge/Si ratios would be observed when sea level was highest. The opposite correlation is observed. What is more difficult to evaluate is the potential change in area of reducing sediments that may sequester Ge. Evidence for the eastern Pacific suggests that intermediate water was more oxic during the LGM than during the Holocene [Ganeshram et al., 1995; Kennett and Ingram, 1995; Dean et al., 1997] , but other areas of the ocean may have been less oxic, such as the Atlantic sector of the Southern Ocean [McManus et al., 1998 ]. The broad depth range over which present sequestration occurs (Figure 2) indicates that extremely low water column oxygen is not a requirement, and perhaps the area receiving a high rain of carbon to the seafloor is a more critical variable than the intensity of the oxygen minimum. Analyses of vanadium in foram shells provide a measure of the extent of reducing sediments, and the record for the last 35 kyr shows no detectable change [Hastings et al., 1996] . However, the 100 kyr residence time of vanadium limits the sensitivity of this approach. Lacking data that demonstrate the contrary, we assume that the total area sequestering Ge did not change significantly from today, although its location may have varied. This point has been discussed in more detail elsewhere [Hammond et al., 2000] .
Constancy of B/ /w
[19] Hutchins and Bruland [1998] have shown that diatoms grown in iron-replete systems have lower Si/N uptake and consequently have less opal per test. In this case, mean diatom mass would decrease, and the fractional dissolution per unit time might increase. If LGM iron inputs to the margin were greater than at present, less silicified diatoms may have grown, increasing their specific dissolution rate and the constant B in equation (7). This idea is difficult to test because little opal is preserved in margin sediments to examine. However, margin areas generally have higher iron than open ocean areas, so the contrast between LGM and present conditions may not have been extreme. If diatom tests were less silicified, less opal would reach the seafloor, and less Ge sequestration would occur. We assume that changes in iron did not influence the specific reactivity of the opal that sinks in margin environments, because there is no evidence that reactivity was different than the present, and no other obvious mechanism has been identified that would act to compensate for such a change and reduce the oceanic Ge/Si ratio. A lower degree of silicification might also reduce w, the effective sinking velocity of opal. Most opal is probably transported in fecal pellets, and less silicification of diatoms could reduce the effective density of pellets. Particle settling rate may also be reduced due to an increase in water column viscosity as temperature decreases (2.5%°C
À1
). Countering such an effect is our inference that lower temperatures reduce opal dissolution, acting to keep the opal ballast in fecal pellets higher during the LGM than at present. Alternatively, the reason that large fecal pellets reach the seafloor may be that they settle so fast that they elude capture and destruction by midwater organisms. In this case, it may be that the effective velocity of fecal pellets determines their fate, and this might be insensitive to climate. Some support for this interpretation is the apparent increase in particle settling velocity with depth, possibly due to the selective loss of the more slowly sinking particles [Berelson, 2002] . The factors governing particle dynamics in the water column are undoubtedly complex and are important to our hypothesis, but remain poorly understood. We assume that the envelope attributed to uncertainties in temperature change is sufficient to also include uncertainties introduced by possible changes in particle dynamics.
Weathering Rates Do Not Change at Other Times
[20] Results in Figure 6 show a trend similar to that predicted by the model calculation, and model results can be used to estimate the extent of variation in weathering/ hydrothermal inputs in the past. If the best estimate for present R input = 1.34 in Table 1 is correct and the model has perfectly estimated the effect of temperature on rain, then the observed Ge/Si ratio for the mid-Miocene lies slightly above the model calculation and the value for the LGM lies slightly below the calculation. If this difference is real, and reflects changes in R input with time, it means that the ratio of hydrothermal/weathering inputs was slightly greater than today during the mid-Miocene and slightly less during the LGM. The observed ratios from the opal record were used to estimate the weathering inputs of Si in the past. These calculations assumed that the Ge/Si ratios for weathering and hydrothermal inputs do not vary, although Froelich et al. [1992] has suggested that the ratio in rivers may vary slightly if climate changes weathering intensity. Murnane and Stallard [1990] and Filippelli et al. [2000] have also noted effects of weathering intensity on ratios of Ge/Si in particular drainage basins, but we assumed that the global average for weathering intensity has not changed. Mass balances relate past weathering input of Si to the present, based on changes in hydrothermal inputs, Sge and the observed Ge/Si in opal:
where H si indicates the hydrothermal flux of Si, R i represents Ge/Si ratios for hydrothermal (H), weathering (W), and opal, and the primes denote past conditions. Results were calculated for several choices of present R input and S ge . The best estimates are that weathering was about 92 ± 12% of the present during the early/mid-Miocene, and about 106 ± 16% of the present during the LGM than at present. As noted earlier, these results indicate that any changes in weathering from the present were insufficient to produce changes that can be resolved by the Ge/Si proxy. These uncertainties are approximately one standard deviation, estimated by a root mean square approach because they are not symmetrically distributed about the value defined by our best estimate for model parameters. They were calculated by taking the deviations in relative weathering generated by independently varying R input and S ge by one standard deviation up and down, multiplying the differences of these 4 limits, and taking the fourth root of the product. An alternative approach would be to use the limits set by the parameter that introduces the greatest uncertainty in equation (8), R input . This produces results that are 75 to 102% for the Miocene and 98 to 132% for the LGM.
[21] Independent estimates of weathering during the LGM are available. For example, a change in weathering should change opal accumulation. For the LGM, evidence for the Southern Ocean indicates that patterns of opal accumulation differed from the present, but the areally integrated rates were similar [Chase et al., 2003] . This is consistent with the constraint above from Ge/Si, as any change of more than about 35% in the LGM global opal accumulation rate might be resolved in the sediment record. A second proxy is high precision analyses of Sr isotopes in forams. These do not show a change that is related to climate oscillations during the last 300 kyr and limit the amplitude of variation in Sr weathering input to <30% over the 100 kyr glacial/interglacial cycles [Henderson et al., 1994] . Osmium isotopes in seawater provide a third proxy that should be even more sensitive to the response of weathering. Analyses of midAtlantic Ridge sediments by Oxburgh [1998] indicate that glacial values are consistent with a slightly reduced weathering during the LGM. While some uncertainty exists in defining the isotopic ratios of osmium in hydrothermal and weathering sources, the LGM results are consistent with glacial weathering that is about 15% lower than interglacial weathering. While it is possible that weathering of Si and Os could be de-coupled, there is no reason to expect this. Consequently, the evidence from all of these proxies suggests little difference in silicate weathering from the LGM to the present. The coherence of these proxies with results for Ge/Si is evidence that the model calculations for Ge are reasonable.
[22] The Miocene result deserves further discussion, as several aspects of the mid-Miocene (15 -20 Ma) biogeochemical cycles could have been significantly different. First, Engebretson et al. [1992] have estimated global averages for past plate velocities. They found little difference during the past 20 my, although mid-Miocene rates may have been 5 -10% less than at present. If their estimated plate motions were used as a proxy for hydrothermal input of Si, equation (8) indicates that a 5% reduction in Miocene hydrothermal inputs would lower the calculated rate of relative weathering by 5%. Second, mid-Miocene sea level was about 100 m higher than at present [Haq et al., 1987] . This should reduce the continental area available for weathering by about 5%, relative to today (a hypsographic curve for present continents indicates a 100 m sea level rise should reduce land area by about 10% from the present, but half of this change would be compensated by the smaller area of ice sheets). However, the additional area covered by oceans will be of low relief, where little weathering may take place. Third, it is possible that the higher sea level and increased area for shallow water sedimentation provided some new regions for Ge sequestration. This would have kept the oceanic Ge/Si from rising closer to the input ratio. However, arguments presented earlier may rule out shelves as a major Ge sink. If they were a significant sink, Miocene weathering must have been even smaller than calculated. Measurements of 187 Os/ 186 Os indicate the ratio has increased from 6 in the mid-Miocene to 8.6 at present [Pegram et al., 1992] . However, it is uncertain whether this represents increased weathering at present, a change in the source rocks that are weathered, or both. Consequently, it is difficult to compare these results to those based on Ge/Si. The Ge/Si evidence that weathering rates during the Miocene were similar to today is interesting in light of the extensive middle to late Miocene opal deposits that rim the North Pacific. Apparently, these deposits only reflect changes in ocean circulation that caused a shift in opal deposition from the equatorial Atlantic and Caribbean [Barron, 1986] . Increased silicate weathering is not required for their formation. For example, the diatom-rich mid-Miocene deposits found in the Monterey formation of the California Margin have opal accumulation rates <2 mg cm À2 yr À1 during the 15-20 Ma time interval [Isaacs, 2001] . If the entire area of opal-rich deposits defined by Ingle [1981] , about 8 Â 10 6 km 2 , was characterized by accumulation at this rate, it would only amount to <40% of the present Si input.
Potential Effects on the LGM Carbon Cycle
[23] The evidence that weathering during the LGM was similar to the present is interesting in light of suggestions that an increase in the oceanic Si inventory may stimulate diatom production and suppress coccolith production of CaCO 3 [Archer et al., 2000; Harrison, 2000] . Archer et al. [2000] used a global circulation model that incorporated biogeochemical factors and found that the Si inventory must increase by a factor of 2-2.5 to suppress carbonate production sufficiently that atmospheric pCO2 would drop to values observed during the LGM. This would require doubling Si input if Si inventory is linearly related to weathering. Harrison [2000] linked diatom primary productivity to Si input and estimated the increase required to suppress coccolith productivity by 40%. Depending on the response of flagellates to increased diatom production, he noted that Si input must rise by 10-50%. This change is probably a lower limit for what is required, because he chose a value for Si gross production that is on the high end of those suggested by Treguer et al. [1995] and he did not consider the effect that lower LGM temperature may have in increasing the efficiency of Si export (an effect that would reduce its role in gross productivity). Assuming Si recycling in the photic zone is reduced by 15% for a 2°C temperature decrease, the Si inventory in LGM deep water must rise by 25 -80% to provide his diatom productivity scenarios. Harrison [2000] proposed that Si input rose because dust dissolution increased, pointing out that estimates of eolian dust flux deposited in the deep sea during the LGM are 2 -10 times greater than at present and might more than compensate for any decrease in riverine Si flux as temperature decreased. If river input of Si during the LGM was equal to the present, a four-fold increase in dust dissolution (assumed to have the same Ge/Si as rivers) would increase the Si supply to the ocean by about 25%. Such an increase is on the upper end of what is permitted by the Ge/Si and Os budgetary constraints, but is on the very low end of what is needed to explain the glacial/interglacial pCO2 change. Consequently, some role for changes in the weathering inputs of Si cannot be ruled out as a factor in changing pCO2, but it does not appear to be a primary cause.
Tests of the Hypothesis
[24] A test for the hypothesis of increased opal rain to the seafloor during the LGM would be to look at records of opal accumulation in margin sediments. Unfortunately, good records are scarce and many may reflect local responses to upwelling and primary production, as well as lower water temperatures. For example, sediments under the California Current do not show coherent behavior, as LGM opal accumulation rates for southern and central California were higher than in the Holocene, but the pattern off Oregon is reversed . In addition, we do not have a good understanding about how opal burial in the margins is related to opal rain. With records encompassing more regions, the net response may become more clear. A second interesting test would be to obtain a highresolution record of Ge/Si to examine more carefully how the timing of the Ge/Si change is related to the timing of climate change. However, the relatively long time constant (8 kyr) of Ge, compared to the time constant for climate change, will make it difficult to extract information about the relative timing of changes in the Si cycle and those of climate.
Conclusions
[25] The Ge/Si record in diatoms correlates with ocean temperature changes. A likely cause for this correlation is the effect that temperature should have on the extent of opal dissolution as it sinks through the water column. Colder temperatures permit a larger fraction of the opal rain to reach the seafloor, causing an increase in the extent of diagenetic sequestration of Ge into a nonopal phase in reducing, iron-rich sediments. This should have lowered the Ge/Si of seawater during the LGM, as the diatom record indicates. If all other factors are held constant, model predictions based on estimated temperature changes agree well with observed Ge/Si changes. During the Miocene, warmer temperatures seem to have had the opposite effect, causing the Ge/Si in opal to increase. While the effect of temperature in regulating opal rain to the seafloor is the dominant factor modulating the Ge/Si ratio in the ocean, the changes observed help constrain past weathering inputs. During the LGM, weathering rates may have been slightly greater (6%) than the present, but any difference is less than the sensitivity of the Ge/Si proxy (about 20%). If an increase occurred, it may reflect greater dust dissolution in the more arid LGM world. However, even if Si input increased by up to 25% during the LGM, it is unclear to what extent this might increase the oceanic inventory of Si. The lower LGM temperature may have also increased the opal burial efficiency and compensated for this effect. During the Miocene, the Ge/Si ratio is consistent with a slight reduction (about 8%) in silicate weathering, although this change is less than the estimated uncertainty. The cause of any reduction is unidentified. It is somewhat surprising that an increase was not observed in response to warmer temperatures during the Miocene.
[26] The scenario proposed does not constrain all factors that may help regulate the Ge/Si preserved in diatoms. Additional variables may play a role, but cannot be adequately constrained at present. One critical assumption is whether the opal raining to the margin seafloor in the past had dissolution kinetics similar to modern opal. A second assumption is whether the areal extent of sediments that sequester Ge has changed through time. This is particularly important during the Miocene, when higher sea level increased shallow water depositional areas. The impact of this factor on the Ge budget is difficult to constrain. Finally, the mechanism proposed here may not be a unique solution to the linkage between Ge sequestration in margin sediments and climate. It is possible that other factors have increased the rain of opal to the seafloor in margin environments, increasing the importance of Ge sequestration into nonopal phases. One possible effect during the LGM could be a reduction in the Si/N uptake of Southern Ocean diatoms in response to increasing iron, permitting more Si to be exported to low latitudes in intermediate waters, augmenting low latitude diatom production at the expense of coccoliths [Brzezinski et al., 2002] . If such a change also resulted in higher export of opal in the margins, but the opal produced was less robust and had a higher specific surface area, one effect might happen to exactly compensate the influence of the other on Ge sequestration. Although the model calculation we have presented here may not be a unique interpretation, it does predict the direction and magnitude of change in diatom Ge/Si that is observed as temperature changes.
